Abstract. Collision strengths for electron induced transitions in Li-like Fe xxiv are calculated using a BreitPauli R-matrix technique. The target has 15 fine structure states corresponding to n ≤ 4. Autoionizing resonances are found to affect 18 of the 39 collision strengths, namely those for transitions 2lj → n l j where n = 2, 3. The present calculation is carried out only for electrons incident on the ground state with energies not exceeding 265 Ry. Beyond this we use the relativistic distorted wave collision strengths of Zhang et al. in order to complete our results. Thermally averaged collision strengths are computed and tabulated as functions of log T for transitions out of the 2s 1/2 , 2p 1/2 and 2p 3/2 states. The temperature range considered is 6.2 ≤ log T ≤ 8.0, Fe xxiv having its maximum coronal abundance when log T = 7.2.
Introduction
The present calculation is part of an international collaboration known as the IRON Project (Hummer et al. 1993 , referred to as Paper I) to obtain accurate collision rates for fine-structure transitions. Other papers in the series are given in the References section, while a complete list of IRON Project published papers and those in press is available at http://www.am.qub.ac.uk.
Collisionally induced transitions in Fe xxiv have been examined by several authors in the past, most of whom used distorted wave (DW) approximations with some allowance for relativistic effects. To our knowledge, Hayes (1979) is the only person who has done a close-coupling (CC) calculation for this ion. Her method, however, did not take account of exchange and furthermore she only applied it to one energy above the excitation thresholds of her target in order to confirm that the coupling potentials could be neglected and that the DW approximation was sufficiently reliable. Hayes found that her CC and DW collision strengths at this particular energy agreed to within 5% for most transitions, except for 2p − 3s where the difference was about 20%.
The results given by Hayes (1979) , Mann (1983) , Younger (1987) and Zhang et al. (1990) are from DW calculations, which are similar in so far as they all take account of relativistic effects but ignore channel coupling and therefore show no resonance structure. For this reason we confine our comparison to the most recent work, namely that of Zhang et al. (1990) .
The calculation
Paper I gives the basic atomic theory, approximations and computer codes employed in the IRON Project. The CC approximation known as the R-matrix method is used. In the present case we have taken account of channel coupling up to the n = 4 levels. Relativistic effects are allowed for as explained later.
The radial orbitals for the Li-like target are as follows: P 1s , P 2s are from Clementi & Roetti (1974) . P 2p is the 2 exponent function P 2p (r) = 584.527 r 2 exp(−12.0960 r)
+35.5799 r 2 exp(−27.4414 r),
which we obtained by using Hibbert's (1975) variational program CIV3 to minimise the energy of the 1s 2 2p term. P 3s and P 3d are from Tully et al. (1990) . Each remaining orbital P nl , with n l = 3p, 4s, 4p, 4d, 4f, has the minimum number of exponents dictated by nl. The values of these exponents were calculated using CIV3 to minimise the appropriate 1s 2 nl term energy. The orbital exponents for n = 3, 4 are given in Table 1 . Although configuration interaction (CI) wavefunctions are used to describe the target terms, in practice each term is dominated by a single configuration. The target energies used in the collision calculation were, with one important exception, adjusted to match the accurate experimental levels of Reader et al. (1992) . These are given in Table 2 after being converted to Ry (1 Ry = 109737.32 cm −1 ). The exception concerns each pair of 4l fine-structure levels which we forced to be degenerate with the corresponding LS term. Theoretical LS-coupling oscillator strengths calculated using the present wavefunctions and observed transition energies (see Table 2 ) are compared in Table 3 with those which Peach et al. (1988) obtained in the Opacity Project. Our length (L) and velocity (V) forms agree well and there is also fairly good overall agreement between our length oscillator strengths and those of Peach et al. (1988) . This suggests that our choice of wavefunctions is satisfactory for computing reliable collision data. Collision strengths for fine structure transitions are obtained from two R-matrix calculations which we now describe. BP is a 15-level fine-structure calculation using the BreitPauli Hamiltonian version of the R-matrix program . This is the most accurate approach when the collision energy is comparable to the level splitting in the target. This method was used in the scattering energy range up to the highest threshold. JAJOM is a 9-term LS-coupling calculation plus a transformation to intermediate coupling which we apply to the reactance matrix using the JAJOM program written by Saraph (1978) . This was used from just above the highest threshold up to a scattering energy of 265 Ry. For allowed transitions we use a "top-up" procedure which consists in assuming that beyond J = 80 the partial collision strengths form a geometrical series. In this way we are able to complete the sum to infinity of partial waves analytically.
For the purpose of comparing our results numerically with those of Zhang et al. (1990) we choose an energy that lies above the highest target term included in our calculation, namely 4f. The comparison is shown in Table 4 where it can be seen that differences are less than 10% for all transitions out of 2s 1/2 . For transitions from the 2p levels the differences are greater with some of them as high as 14%. The approximations in each method are comparable at higher energies and any differences here are presumably caused by different "topping" up procedures and possibly by the fact that Zhang et al. (1990) use orbitals obtained by solving the Dirac equation with a Dirac-Fock-Slater potential. We expect really important differences to occur only at lower energies where resonance structures such as those shown in Figs. 1-2 and 4-7 occur. Resonances can have a big effect on effective collision strengths, as seen in Figs. 8 and 9.
Thermal averaging of the collision strengths is done using the "linear interpolation" method described by Burgess & Tully (1992) . The resulting effective collision strengths Υ are given in Table 5 for the astrophysically important temperature range 6.2 ≤ log T ≤ 8.0 where Fe +23 is abundant under conditions of coronal ionization equilibrium (see Arnaud & Rothenflug 1985) . For temperatures below two million degrees the abundance will be negligible. For this reason we begin our tabulation of Υ in Table 5 at log T = 6.2. Astrophysical situations may exist where Fe +23 is abundant at temperatures lower than this; in these cases one would need to extend the temperature range below 10 6.2 K. This should pose no problem since our collision strengths will be preserved for posterity at the CDS (Centre de données astronomiques de Strasbourg) and some other databanks. Fig. 1 . Fe +23 (2s 1/2 → 2p 1/2 ) collision strength shown over the range 0 ≤ E f ≤ 110.80699 (i.e. from 2p 1/2 to 4f 7/2 ). Full line: present Breit-Pauli calculation; broken line: DW calculation by Zhang et al. (1990) 3. Discussion of resonances and their effect on Υ Of our energy dependent collision strengths only those for the 18 transitions between n = 2 and n = 2, 3 are perturbed by autoionising resonances. In some cases the resonances greatly increase the effective collision strengths. But in general this happens at temperatures below a million degrees so it is not of particular astrophysical significance since, as mentioned earlier, under conditions of coronal ionization equilibrium the abundance of Fe +23 is essentially zero at such "low" temperatures.
It would be tedious to discuss in detail the energy dependence of each of the 39 collision strengths we have calculated. Here we select a few cases which serve to illustrate the main features. For conciseness and convenience we label the target energy levels nl j in ascending order with the index shown in Table 2 . This starts at 1 for the ground level (2s 1/2 ) and ends at 15 for the highest level (4f 7/2 ).
Transitions 1 → 2 and 1 → 3 are optically allowed and, apart from their numerical values, the collision strengths Ω 12 and Ω 13 have almost identical resonance patterns. Figure 1 shows Ω 12 from threshold up to the energy of the 4f 7/2 level. Note that we plot Ω against the final electron energy E f in Rydberg units. The initial energy of the colliding electron E i relative to the the lower state is given by E i = E f + E if , where E if is the transition energy and can be obtained from Table 2 . At E f 0 there is an indication in Fig. 1 of some structure in the collision strength. Suspecting that this is caused by resonances converging on the level 2p 3/2 , we give a blow-up in Fig. 2 of the 2p 1/2 − 2p 3/2 energy interval (0 ≤ E f ≤ 1.17348).
Here we clearly see a number of narrow, well separated resonances. A striking amount of detail, which is completely hidden in Fig. 1 , is now revealed. The apparently random way the peaks of these small resonances vary is caused by not using a sufficiently small steplength in energy for the purpose of scanning. To do so would greatly increase the amount of computing time required and make the whole calculation extremely arduous. The reason why resonances occur over less than half the interval is because the search for them was stopped after a finite number had been located. Figure 3 shows Υ 12 as a function of temperature over the interval 4 ≤ log T ≤ 8. One can see a slight +23 (2s 1/2 → 2p 1/2 ) collision strength shown over the range 0 ≤ E f ≤ 1.17348 (i.e. from 2p 1/2 to 2p 3/2 ). Full line: present Breit-Pauli calculation; broken line: DW calculation by Zhang et al. (1990) increase in Υ for temperatures below about 10 6 . This is due to the resonances shown in Fig. 2 ; those at higher energies have a much smaller effect on Υ and produce a barely perceptible increase at temperatures above 10 6 . The optically forbidden transition 1 → 4 is a much more interesting case. Here we cover the range from E f = 0 to the 4f 7/2 level by means of four separate plots in order to illustrate the varied structure of the resonances. Figure 4 covers the range 0 ≤ E f ≤ 0.96383, which corresponds to the interval 3s 1/2 − 3p 1/2 . A thick forest of resonances is seen to occur here. A comparable forest also occurs in Fig. 5 for the range 0.96383 ≤ E f ≤ 1.31783 (interval 3p 1/2 − 3p 3/2 ), while in Fig. 6 for the range 1.31783 ≤ E f ≤ 1.69983 (interval 3p 3/2 − 3d 3/2 ), the forest of resonances is preceded by a collection of isolated peaks. Between the levels 3d 3/2 and 3d 5/2 there are no resonances and no graph is shown. In Fig. 7 , which covers the interval 3d 5/2 − 4s 1/2 ( 1.82383 ≤ E f ≤ 29.08683), a striking series of Rydberg resonances appears. The process of delineation was stopped a short way from the 4s 1/2 level after 5 groups of resonances had been delineated. Figure 8 shows that after thermal averaging the effect on Υ 14 of all those resonances is considerable at temperatures below about one million degrees.
Finally, the transition 2 → 3, namely 2p 1/2 − 2p 3/2 , is the only case encountered where resonances have a really big effect (50% increase above the background) at temperatures near ten million degrees, see Fig. 9 .
The dotted curves shown in all graphs of Ω or Υ represent the DW calculations by Zhang et al. (1990) . In order Zhang et al. (1990) to make use of their tabulated collision strengths we first fitted them by cubic splines using the program OMEUPS (Burgess & Tully 1992 ). Each spline fit was then used to generate a tableau of collision strength values for the purpose of plotting. The same tableau was used to compute a thermally averaged collision strength in order to make a graphical comparison with the present IRON Project results. +23 (2s 1/2 → 3s 1/2 ) collision strength shown over the range 0.96383 ≤ E f ≤ 1.31783 (i.e. from 3p 1/2 to 3p 3/2 ). Full line: present Breit-Pauli calculation; broken line: DW calculation by Zhang et al. (1990) Fig. 6. Fe +23 (2s 1/2 → 3s 1/2 ) collision strength shown over the range 1.31783 ≤ E f ≤ 1.69983 (i.e. from 3p 3/2 to 3d 3/2 ). Full line: present Breit-Pauli calculation; broken line: DW calculation by Zhang et al. (1990) Fig. 7 . Fe +23 (2s 1/2 → 3s 1/2 ) collision strength shown over the range 1.82383 ≤ E f ≤ 29.08683 (i.e. from 3d 5/2 to 4s 1/2 ). Full line: present Breit-Pauli calculation; broken line: DW calculation by Zhang et al. (1990) 
